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(57) ABSTRACT

It is to provide a method for manufacturing a hydrocarbon,
with which a hydrocarbon is produced at a high yield even
under the condition of an ordinary temperature and an ordi-
nary pressure.

A method for manufacturing a hydrocarbon, in which carbon
dioxide is reduced to produce the hydrocarbon, the method
includes a step of producing the hydrocarbon by bringing
magnesium or a magnesium compound such as magnesium
oxide into contact with water and the carbon dioxide and
reducing the carbon dioxide. Examples of the magnesium
compound include magnesium oxide, magnesium hydroxide,
magnesium carbonate, and basic magnesium carbonate.

14 Claims, 1 Drawing Sheet
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1
METHOD FOR MANUFACTURING
HYDROCARBON

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. national stage application of
PCT/IP2013/050789 filed on Jan. 17, 2013, and claims pri-
ority to, and incorporates by reference, International Patent
Application No. PCT/JP2012/051253 filed on Jan. 20, 2012.

TECHNICAL FIELD

The present invention relates to a method for manufactur-
ing a hydrocarbon by reducing carbon dioxide.

BACKGROUND

Conventional methods for obtaining a hydrocarbon such as
methane by reducing carbon dioxide include a method
described in Patent Document 1 in which hydrogen gas is
used as a hydrogen source under the reaction condition of a
high temperature (150° C. to 400° C.) and a high pressure (1
MPa to 6 MPa). However, this method requires such a reac-
tion condition of a high temperature and a high pressure, and
thus the reaction equipment becomes complicated, leading to
high cost, for example.

In contrast, as a method that is conducted under the condi-
tion of an ordinary temperature and an ordinary pressure and
requires no hydrogen gas as a hydrogen source, Patent Docu-
ment 2 describes a method that uses iron powder as a catalyst
to obtain a hydrocarbon such as methane from carbon dioxide
and water.

Although methods described in Patent Documents 3 and 4
produce hydrogen from particulate magnesium and water,
these methods are not for obtaining a hydrocarbon such as
methane by reducing carbon dioxide.

PATENT DOCUMENTS

Patent Document 1: Japanese Patent Application Publica-
tion No. 08-127544 (JP 08-127544 A)

Patent Document 2: Japanese Patent Application Publica-
tion No. 2000-344689 (JP 2000-344689 A)

Patent Document 3: Japanese Patent Application Publica-
tion No. 2008-150289 (JP 2008-150289 A)

Patent Document 4: Published Japanese Translation of
PCT application No. 2004-505879 (JP-A-2004-505879)

However, in the method of Patent Document 2, methane
and the like cannot be obtained as much as the amount
described in Patent Document 2, and the yield of the hydro-
carbon is small (see Comparative Examples 3 and 4 in Table
3).

Therefore, an object of the present invention is to provide a
method for manufacturing a hydrocarbon, with which a
hydrocarbon is produced at a high yield even under the con-
dition of an ordinary temperature and an ordinary pressure.

SUMMARY

To solve the above issue, the present invention provides a
method for manufacturing a hydrocarbon, in which carbon
dioxide is reduced to produce the hydrocarbon. The method
includes a production step of producing the hydrocarbon by
bringing magnesium or a magnesium compound into contact
with water and the carbon dioxide and reducing the carbon
dioxide.
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Although the detail of the reaction in the production step
has not been clarified yet, the reaction of methane is assumed
to occur, for example, as shown in FIG. 1.

As shown in FI1G. 1, carbon dioxide (CO,) is diffused upon
contact with water, and a part of the carbon dioxide is dis-
solved in the water (H,O). Meanwhile, magnesium (Mg)
brought into contact with water is reacted with the water
adsorbed on the surface of the magnesium, and while being
oxidized, the magnesium is in a transition state in which
magnesium oxide has hydrogen. A magnesium compound
brought into contact with water also reacts with the water
adsorbed on the surface of the magnesium compound to gen-
erate hydrogen, and is in a transition state in which the mag-
nesium compound has hydrogen. Then, the carbon dioxide
contained in water is adsorbed on the magnesium in the
transition state so that the carbon dioxide reacts with hydro-
gen to be reduced, thus producing methane. Finally, the pro-
duced methane (CH,) is considered to be desorbed from the
magnesium.

It is also considered that by bringing a magnesium com-
pound into contact with hydrogen (H,), a part of the hydrogen
is adsorbed on the magnesium compound, and the magne-
sium compound is brought into a transition state in which the
magnesium compound has hydrogen.

An aspect of each component in the method for manufac-
turing a hydrocarbon of the present invention will be exem-
plified below.

1. Production Step

The production step is not particularly limited and may be
a step in which magnesium is brought into contact with water
and carbon dioxide to produce a hydrocarbon, or a step in
which a magnesium compound is brought into contact with
water and carbon dioxide to produce a hydrocarbon.

The hydrocarbon obtained in the production step is not
particularly limited. Examples thereof include alkanes such
as methane, ethane, and propane, and alkenes such as ethyl-
ene and propylene.

The hydrogen is not particularly limited. The hydrogen,
may be ahydrogen gas introduced in the production step, may
be ahydrogen gas generated by, for example, allowing a metal
having ionization tendency larger than that of hydrogen, such
as magnesium and sodium, to react with the water in case
where water (including water vapor) is present in the produc-
tion step, or may be hydrogen generated by allowing a mag-
nesium compound to react with water.

The production step preferably includes a stirring step of
stirring with ceramic beads so that the yield of a hydrocarbon
increases. With the stirring step, magnesium or a magnesium
compound is crushed and ground, and thus the reactivity of
the magnesium or the magnesium compound can be
enhanced. If the production step is conducted in water, such
stirring can reduce non-uniformity in concentrations of car-
bon dioxide and hydrogen in water.

The ceramic beads are not particularly limited, and
examples thereof include zirconia beads and alumina beads.
The particle size of the ceramic bead is not particularly lim-
ited, and, for example, is 0.1 mm to 10.0 mm.

2. Magnesium

Although the shape of the magnesium is not particularly
limited, the magnesium is preferably particulate because the
specific surface area is large and thus the yield of a hydrocar-
bon is high. The size of particulate magnesium is not particu-
larly limited, and, for example, is 1 um to 1000 pm.

3. Magnesium Compound

The magnesium compound is not particularly limited.
Examples thereof include poorly water-soluble magnesium
compounds (the solubility at 15° C. is not greater than 0.01
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[¢/100 g-H,O]), such as magnesium oxide (MgO), magne-
sium hydroxide (Mg(OH),), magnesium carbonate
(MgCO,;), and basic magnesium carbonate (Mg(OH),.
MgCO,).

Although the shape of the magnesium compound is not
particularly limited, the magnesium is preferably particulate
because the specific surface area is large and thus the yield of
ahydrocarbon is high. The size of the particulate magnesium
compound is not particularly limited, and, for example, is 1

4

A method for manufacturing a hydrocarbon in which car-
bon dioxide is reduced to produce the hydrocarbon. The
method includes a production step of dissolving carbon diox-
ide and hydrogen in water containing a magnesium com-
pound, and bringing the magnesium compound into contact
with the water, the hydrogen, and the carbon dioxide to pro-
duce the hydrocarbon.

pm to 1000 um. 0 Examples
Effects of the Invention As examples of the present invention, firstly, reactions
were conducted under 17 conditions (Example 8 was unas-
ThG present invention can prqvide a method for ma.nufac- signed), and each of the gas components obtained after the
turing a hydrocarbon, with which the hydrocarbon is pro- reactions was analyzed. Tables 1 and 2 show respective con-
duced at a high yield cven under the condition ofanordinary 1> gi4ins and results of analyses for the gas components. As
temperature and an ordinary pressure. comparative examples, reactions were conducted under 22
BRIEF DESCRIPTION OF THE DRAWINGS cond%tions, and each of the gas components obtained gfter the
reactions was analyzed. Tables 3 and 4 show respective con-
FIG. 1 is a schematic drawing of a reaction for producing 20 ditions and results of anal.yses for the gas components. In both
methane according to the present invention. examples and comparative examples, external controls for
heating or cooling and for pressurization or depressurization
DETAILED DESCRIPTION were not performed, and reactions were conducted under the
atmosphere of an ordinary temperature and an ordinary pres-
A method for manufacturing a hydrocarbon in which car- 25 sure. The ordinary temperature is, for example, 20° C.£15° C.
bon dioxide is reduced to produce the hydrocarbon. The (5° C. 10 35° C.). The ordinary pressure is, for example, 0.1
method includes a production step of dissolving carbon diox- MPa+0.05 MPa (0.05 MPa to 0.15 MPa). Note that, in col-
ide in water containing magnesium or a magnesium com- umns of “Detected Gas Component After Reaction” in Tables
pound, and bringing the magnesium or the magnesium com- 1 to 4, “ND” means “not detected,” that is, the value is not
pound into contact with water and the carbon dioxide to 30 greater than the detection limit of'the analysis equipment, and
produce the hydrocarbon. “~” means no analysis was conducted.
TABLE 1
Example 1 Example 2 Example 3 Example 4 Example 5
Substances Water (ml) 50 50 50 50 50
Compounded  Carbon Dioxide (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes
Hydrogen (Injection Time)
Particle Body Mg 414 pm 01lg 01lg
371 um 01lg 01lg 01lg
18 ym
MgO 150 pm
Mg(OH), 150 pm
MgCO; 150 pm
Mg(OH),*MgCO; 150 um
Reaction Still Standing Place Indoor Outdoor Indoor Indoor Indoor
Condition Time 14 days 14 days 3 days 7 days 14 days
Stir no no no no no
Ceramic Zirconia 1.25 mm — — — — —
Beads Alumina 0.5 mm — — — — —
Detected Gas Methane 1400 ppm 1500 ppm 1500 ppm 1600 ppm 1900 ppm
Component After Ethane 6 ppm 8 ppm 7 ppm 7 ppm 7 ppm
Reaction Propane 1 ppm 1 ppm 1 ppm 1 ppm 1 ppm
Ethylene, Propylene 1 ppm 3 ppm 3 ppm 3 ppm 3 ppm
Carbon Monoxide — — — — —
Hydrogen 60% — — — —
Example 6 Example 7 Example 13 Example 14
Substances ~ Water (ml) 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 3 minutes 1 minute 1 minute 1 minute
Hydrogen (Injection Time)
Particle Body Mg 414 pm
371 um 01lg 01lg 01lg
18 ym 01lg
MgO 150 pm
Mg(OH), 150 pm
MgCO, 150 pm
Mg(OH),*MgCO; 150 um
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TABLE 1-continued
Reaction Still Standing Place Indoor Indoor Indoor Indoor
Condition dark place
Time 3 days 7 days 3 days 3 days
Stir no no yes yes
Ceramic Zirconia 1.25 mm — — present —
Beads Alumina 0.5 mm — — — present
Detected Gas Methane 1500 ppm 2203 ppm 6679 ppm 6600 ppm
Component After Ethane 7 ppm 67 ppm 360 ppm 360 ppm
Reaction Propane 1 ppm 1 ppm 36 ppm 35 ppm
Ethylene, Propylene ND 4 ppm 31 ppm 32 ppm
Carbon Monoxide — 28 ppm 28 ppm 30 ppm
Hydrogen — 22% — —
TABLE 2
Example 9  Example 10 Example 11  Example 12
Substances ~ Water (ml) 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes
Hydrogen (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes
Particle Body Mg 414 pm
371 pm
18 um
MgO 150 pm 0l g
Mg(OH), 150 pm 01g
MgCO;, 150 pm 01g
Mg(OH),*MgCO; 150 pm 01g
Reaction Still Standing Place Indoor Indoor Indoor Indoor
Condition Time 7 days 7 days 7 days 7 days
Stir no no no no
Ceramic  Zirconia 1.25 mm — — —
Beads Alumina 0.5 mm — — — —
Detected Gas Methane 30 ppm 50 ppm 30 ppm 30 ppm
Component After Ethane 3 ppm 3 ppm 3 ppm 3 ppm
Reaction Propane 1 ppm 1 ppm 1 ppm 1 ppm
Ethylene, Propylene ND ND ND 3 ppm
Carbon Monoxide — — — —
Hydrogen — — — —
Example 15 Example 16  Example 17 Example 18
Substances ~ Water (ml) 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 1 minute 1 minute 1 minute 1 minute
Hydrogen (Injection Time) 1 minute 1 minute 1 minute 1 minute
Particle Body Mg 414 pm
371 pm
18 um
MgO 150 pm 0l g
Mg(OH), 150 pm 01g
MgCO;, 150 pm 01g
Mg(OH),*MgCO; 150 pm 01g
Reaction Still Standing Place Indoor Indoor Indoor Indoor
Condition Time 3 days 3 days 3 days 3 days
Stir yes yes yes yes
Ceramic  Zirconia 1.25 mm present present present present
Beads Alumina 0.5 mm — — — —
Detected Gas Methane 70 ppm 120 ppm 70 ppm 50 ppm
Component After Ethane 6 ppm 8 ppm 2 ppm 3 ppm
Reaction Propane 1 ppm 2 ppm 1 ppm 1 ppm
Ethylene, Propylene 30 ppm 7 ppm 2 ppm 3 ppm
Carbon Monoxide 1 ppm 1 ppm 1 ppm 1 ppm
Hydrogen — — — —
TABLE 3
Comparative Comparative Comparative Comparative Comparative Comparative
Example 1 Example2  Example 3 Example4  Example 5 Example 6
Substances Water (ml) 50 50 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes
Hydrogen (Injection Time) 3 minutes
Particle Body Fe 46 um 01g
36 um 01 g
Al 100 pm 01g
Si 300 pm 01g
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TABLE 3-continued
Ti 200 pm
Cu 130 pm
Ni 150 pm
Ba 500 um
Ca 500 um
Reaction Still Standing Place Indoor Indoor Outdoor Outdoor Outdoor Outdoor
Condition Time 14 days 7 days 14 days 14 days 14 days 14 days
Stir no no no no no no
Ceramic Zirconia 1.25 mm — — — — — —
Beads Alumina 0.5 mm — — — — — —
Detected Gas Methane ND ND 8 ppm 10 ppm 2 ppm 3 ppm
Component After Ethane ND ND ND ND ND ND
Reaction Propane ND ND ND ND ND ND
Ethylene, Propylene ND ND ND ND ND ND
Carbon Monoxide — — — — — —
Hydrogen ND — — — — —
Comparative Comparative Comparative Comparative Comparative
Example 7  Example 8 Example9 Example 10 Example 11
Substances Water (ml) 50 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes
Hydrogen (Injection Time)
Particle Body Fe 46 pm
36 pm
Al 100 pm
Si 300 pm
Ti 200 pm 01g
Cu 130 pm 01lg
Ni 150 pm 01g
Ba 500 um 01lg
Ca 500 um 01lg
Reaction Still Standing Place Outdoor Outdoor Outdoor Outdoor Outdoor
Condition Time 14 days 14 days 14 days 14 days 14 days
Stir no no no no no
Ceramic Zirconia 1.25 mm — — — — —
Beads Alumina 0.5 mm — — — — —
Detected Gas Methane ND 1 ppm ND 6 ppm 8 ppm
Component After Ethane ND ND ND ND ND
Reaction Propane ND ND ND ND ND
Ethylene, Propylene ND ND ND ND ND
Carbon Monoxide — — — — —
Hydrogen — — — — —
TABLE 4
Comparative ~ Comparative Comparative Comparative Comparative Comparative
Example 12 Example 13 Example 14 Example 15 Example 16 Example 17
Substances Water (ml) 50 50 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes
Hydrogen (Injection Time) 3 minutes 3 minutes
Particle Body Fe 46 um 01g 01g
36 pm 01lg 01g
Al 100 pm 01g
Si 300 pm 01g
Ti 200 pm
Cu 130 pm
Ni 150 pm
Ba 500 um
Ca 500 um
Reaction Still Standing Place Indoor Indoor Outdoor Outdoor Outdoor Outdoor
Condition Time 14 days 14 days 14 days 14 days 14 days 14 days
Stir no no yes yes yes yes
Ceramic Zirconia 1.25 mm — — present present present present
Beads Alumina 0.5 mm — — — — — —
Detected Gas Methane 9 ppm 2 ppm 7 ppm 9 ppm 2 ppm 3 ppm
Component After Ethane ND ND ND ND ND ND
Reaction Propane ND ND ND ND ND ND
ND ND ND ND ND ND

Ethylene, Propylene
Carbon Monoxide
Hydrogen
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TABLE 4-continued
Comparative Comparative Comparative Comparative Comparative
Example 18 Example 19 Example 20 Example 21  Example 22
Substances Water (ml) 50 50 50 50 50
Compounded Carbon Dioxide (Injection Time) 3 minutes 3 minutes 3 minutes 3 minutes 3 minutes
Hydrogen (Injection Time)
Particle Body Fe 46 pm
36 pm
Al 100 pm
Si 300 pm
Ti 200 pm 01g
Cu 130 pm 01lg
Ni 150 pm 01g
Ba 500 um 01lg
Ca 500 um 01lg
Reaction Still Standing Place Outdoor Outdoor Outdoor Outdoor Outdoor
Condition Time 14 days 14 days 14 days 14 days 14 days
Stir yes yes yes yes yes
Ceramic Zirconia 1.25 mm present present present present present
Beads Alumina 0.5 mm — — — — —
Detected Gas Methane ND 1 ppm ND 6 ppm 8 ppm
Component After Ethane ND ND ND ND ND
Reaction Propane ND ND ND ND ND
Ethylene, Propylene ND ND ND ND ND

Carbon Monoxide
Hydrogen

Examples and comparative examples will be explained
below.

The materials used are described below.

Pure water was used for water, and pure gasses were used
for carbon dioxide and hydrogen.

Magnesium (Mg) used was manufactured by NACALAI
TESQUE, INC., was particulate, and had a size of 414 pm,
371 um, or 18 um. Note that the size of the particles including
those explained below was the average value of the sizes of 20
particles (maximum diameter of each particle) measured
using a stereomicroscope or a scanning electron microscope
(SEM).

Magnesium oxide (MgO), magnesium hydroxide (Mg
(OH),), magnesium carbonate (MgCO,), and basic magne-
sium carbonate (Mg(OH),.MgCO,) used were manufactured
by Tomita Pharmaceutical Co., Ltd., were particulate, and
had a size of 150 pm.

Iron (Fe) used was manufactured by Wako Pure Chemical
Industries, Ltd., was particulate, and had a size 0of 46 um or 36
pm.
Aluminum (Al) used was manufactured by Wako Pure
Chemical Industries, Ltd., was particulate, and had a size of
100 um.

Barium (Ba) used was manufactured by Wako Pure Chemi-
cal Industries, Ltd., was particulate, and had a size of 500 pm.

Calcium (Ca) used was manufactured by Wako Pure
Chemical Industries, Ltd., was particulate, and had a size of
500 pum.

Silicon (Si) used was manufactured by KINSEI MATEC
CO., LTD., was particulate, and had a size of 300 pm.

Titanium (Ti) used was manufactured by FUKUDA
METAL FOIL & POWDER CO., LTD., was particulate, and
had a size of 200 pm.

Copper (Cu) used was manufactured by FUKUDA
METAL FOIL & POWDER CO., LTD., was particulate, and
had a size of 130 pm.

Nickel (Ni) used was manufactured by FUKUDA METAL
FOIL & POWDER CO., LTD., was particulate, and had a size
of 150 pm.

As ceramic beads, zirconia beads having a particle size of
1.25 mm (manufactured by Saint-Gobain K.K.), and alumina

25

beads having a particle size of 0.5 mm (manufactured by

TAIMEI CHEMICALS CO., LTD.) were used.

As areaction container, a vial made of colorless and trans-

parent glass (volume: 110 mL, diameter: 40 mm, and height:
30 125 mm) was used. The vial was plugged with a cap com-
posed of an outer cap made of resin and having a hole in its
central part and an inner cap made of rubber. By piercing a
syringe needle into the inner cap, gas can be collected from a
head space inside the vial.

Gas components were analyzed by gas chromatography
(100HC, manufactured by NEW COSMOS ELECTRIC CO.,
LTD.).

Reactions of examples and comparative examples were
conducted as described below.

In Example 1, 50 mL of water (pure water) was charged
into a vial, and then 0.1 g of magnesium particle bodies
having a size of 414 um were added into the vial. Next,
through a tube inserted into the opening of the vial, carbon
dioxide was injected (blown) into water from near the bottom
in the vial for 3 minutes (flow rate: 0.8 L/minute) for bub-
bling. After that, the tube was removed from the vial, and then
the vial was sealed with a cap. The vial was left still indoors
(inside a room in which temperature had been adjusted to
around 23° C.) for 14 days, and subjected to a reaction. After
50 the reaction was completed, gas was collected from a head
space inside the vial by using a syringe, and components of
the gas were analyzed.

In Example 2, the reaction was conducted under the same
conditions as in Example 1, except that the vial was not left
still indoors, but was left still outdoors (on the rooftop of a
building where the average temperature was around 19° C.)
for 14 days.

In Examples 3 to 5, the reaction was conducted under the
same conditions as in Example 1, except that the particle
60 bodies were changed to those of magnesium having a size of

371 pm, and the vial was left still indoors for 3, 7, or 14 days.

In Example 6, the reaction was conducted under the same
conditions as in Example 1, except that the particle bodies
were changed to those of magnesium having a size of371 um,

5 and the vial was left still in an indoor dark place for 3 days.

In Example 7, the reaction was conducted under the same

conditions as in Example 1, except that the particle bodies
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were changed to those of magnesium having a size of 18 pm;
an injection time of carbon dioxide was changed to 1 minute;
and the vial was left still indoors for 7 days.

In Example 9, 50 mL of water (pure water) was charged
into a vial, and then 0.1 g of magnesium oxide particle bodies
were added into the vial. Next, through a tube inserted into the
opening of the vial, carbon dioxide was injected into water
from near the bottom in the vial for 3 minutes (flow rate: 0.8
L/min) for bubbling. Next, through the tube inserted into the
opening of the vial, hydrogen was injected into water from
near the bottom in the vial for 3 minutes (flow rate: 0.8 L/min)
for bubbling. After that, the tube was removed from the vial,
and then the vial was sealed with a cap. The vial was left still
indoors (inside a room in which temperature had been
adjusted to around 23° C.) for 7 days, and subjected to a
reaction. After the reaction was completed, gas was collected
from a head space inside the vial by using a syringe, and
components of the gas were analyzed.

In Examples 10 to 12, the reaction was conducted under the
same conditions as in Example 9, except that the particle
bodies were changed to those of magnesium hydroxide, mag-
nesium carbonate, or basic magnesium carbonate.

In Example 13, firstly, 30 g of zirconia beads were placed
in a vial. 50 mL of water (pure water) was charged into the
vial, and then 0.1 g of magnesium particle bodies having a
size of 371 um were added into the vial. Next, through a tube
inserted into the opening of the vial, carbon dioxide was
injected into water from near the bottom in the vial for 1
minute (flow rate: 0.8 L/min) for bubbling. After that, the tube
was removed from the vial, and then the vial was sealed with
a cap. The vial was left still indoors (inside a room in which
temperature had been adjusted to around 23° C.) for 3 days,
and subjected to a reaction. Note that, only for 24 hours in the
3 days, the vial was vertically shaken with a shaker (fre-
quency of shaking: 10 time/sec). After the reaction was com-
pleted, gas was collected from a head space inside the vial by
using a syringe, and components of the gas were analyzed.

In Example 14, the reaction was conducted under the same
conditions as in Example 13, except that the zirconia beads
were changed to alumina beads.

In Example 15, firstly, 30 g of zirconia beads were placed
in a vial. 50 mL of water (pure water) was charged into the
vial, and then 0.1 g of magnesium oxide particle bodies were
added into the vial. Next, through a tube inserted into the
opening of the vial, carbon dioxide was injected into water
from near the bottom in the vial for 1 minute (flow rate: 0.8
L/min) for bubbling. Next, through the tube inserted into the
opening of the vial, hydrogen was injected into water from
near the bottom in the vial for 1 minute (flow rate: 0.8 L/min)
for bubbling. After that, the tube was removed from the vial,
and then the vial was sealed with a cap. The vial was left still
indoors (inside a room in which temperature had been
adjusted to around 23° C.) for 3 days, and subjected to a
reaction. Note that, only for 24 hours in the 3 days, the vial
was vertically shaken with a shaker (frequency of shaking: 10
time/sec). After the reaction was completed, gas was col-
lected from a head space inside the vial by using a syringe,
and components of the gas were analyzed.

In Examples 16 to 18, the reaction was conducted under the
same conditions as in Example 15, except that the particle
bodies were changed to those of magnesium hydroxide, mag-
nesium carbonate, or basic magnesium carbonate.

In Comparative Example 1, the reaction was conducted
under the same conditions as in Example 1, except that no
particle body was placed in a vial.
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In Comparative Example 2, the reaction was conducted
under the same conditions as in Example 9, except that no
particle body was placed in a vial.

In Comparative Examples 3 to 11, the reaction was con-
ducted under the same conditions as in Example 2, except that
the particle bodies were changed to those of iron, aluminum,
silicon, titanium, copper, nickel, barium, or calcium, having a
size of 46 um or 36 pm.

In Comparative Examples 12 and 13, the reaction was
conducted under the same conditions as in Example 9, except
that the particle bodies were changed to those of iron having
a size of 46 um or 36 pm, and the vial was left still indoors for
14 days.

In Comparative Examples 14 to 22, the reaction was con-
ducted under the same conditions as in Example 13, except
that the particle bodies were changed to those of iron, alumi-
num, silicon, titanium, copper, nickel, barium, or calcium,
having a size of 46 um or 36 pum; an injection time of carbon
dioxide was changed to 3 minutes; and the vial was left still
outdoors for 14 days (however, only for 24 hours in the 14
days, the vial was vertically shaken with a shaker (frequency
of shaking: 10 time/sec)).

Examples 1 to 7, 13, and 14 conducted under the presence
of magnesium showed larger methane concentrations at head
spaces in vials than those of Comparative Examples 3, 4, 14,
and 15 conducted under the presence of iron (about 140 times
or greater), and thus methane was obtained at a high yield. In
these Examples, hydrocarbons other than methane, such as
ethane, propane, ethylene, and propylene were also able to be
obtained.

Examples 13 and 14 in which a 24 hour-stir with ceramic
beads was performed showed larger methane concentrations
athead spaces in vials than those of Examples 1 to 8 in which
a stir with ceramic beads was not performed, and thus meth-
ane was obtained at a high yield.

Examples 9 to 12, and 15 to 18 conducted under the pres-
ence of magnesium oxide, magnesium hydroxide, magne-
sium carbonate, or basic magnesium carbonate showed larger
methane concentrations at head spaces in vials than those of
Comparative Examples 12 and 13 conducted under the pres-
ence of iron (about 3 times or greater), and thus methane was
obtained at a high yield. In these Examples, hydrocarbons
other than methane, such as ethane, propane, ethylene, and
propylene were also able to be obtained.

Examples 15 to 18 in which a 24 hour-stir with ceramic
beads was performed showed larger methane concentrations
athead spaces in vials than those of Examples 9 to 12 in which
a stir with ceramic beads was not performed, and thus meth-
ane was obtained at a high yield.

In any of Examples 1 to 18, the hydrocarbon was generally
able to be obtained at a high yield under the condition of an
ordinary temperature and an ordinary pressure. Accordingly,
external controls for heating or cooling and for pressurization
or depressurization are not always required to obtain the given
amount of a hydrocarbon, and thus, for example, reaction
equipment can be simplified to lower cost in a practical use.

Based on Examples 1 to 18, in order to further study suit-
ability of the hydrogen injection, reduction in sizes of ceramic
beads, shortening of reaction time, increase of the yield of a
hydrocarbon, and the like when a magnesium compound is
used, Examples 19 to 26 were conducted and analyses were
carried out. Each of the conditions and analysis results of gas
components are shown in Table 5. In any of the Examples,
external controls for heating or cooling and for pressurization
or depressurization were not performed, and reactions were
conducted under the atmosphere of an ordinary temperature
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and an ordinary pressure. The ordinary temperature and ordi-
nary pressure are explained in Examples 1 to 18.

14

g of magnesium oxide particle bodies were added into the
vial. Next, through a tube inserted into the opening of the vial,

TABLE 5
Example 19 Example 20 Example 21 Example 22
Substances ~ Water (ml) 20 90 20 20
Compounded Carbon Dioxide (Injection Time) 1 minute 1 minute 1 minute 1 minute
Hydrogen (Injection Time) 1 minute
Particle Body Mg 414 pm
371 um
18 um
MgO 150 pm 02 g 02 g 02 g
Mg(OH), 150 pm 0.6 g
MgCO;, 150 pm
Mg(OH),*MgCO, 150 pm
Reaction Place Indoor Indoor Indoor Indoor
Condition Time 1 day 1 day 1 day 1 day
Stir yes yes no yes
Ceramic Zirconia 0.5 mm present present — present
Beads Alumina 0.5 mm — — —
Detected Gas Methane 2586 ppm 157 ppm 27 ppm 590 ppm
Component After Ethane — — —
Reaction Propane — — —
Ethylene, Propylene — — —
Carbon Monoxide 15 ppm 9 ppm 8 ppm 6 ppm
Hydrogen — — —
Example 23 Example 24 Example 25 Example 26
Substances ~ Water (ml) 20 90 90 20
Compounded Carbon Dioxide (Injection Time) 1 minute 1 minute 1 minute 1 minute
Hydrogen (Injection Time)
Particle Body Mg 414 pm
371 um 02 g 04 g 02 g
18 um
MgO 150 pm 02 g
Mg(OH), 150 pm
MgCO;, 150 pm 0.6 g
Mg(OH),*MgCO, 150 pm
Reaction Place Indoor Indoor Indoor Indoor
Condition Time 1 day 1 day 1 day 1 day
Stir yes yes yes yes
Ceramic Zirconia 0.5 mm present present present present
Beads Alumina 0.5 mm — — —
Detected Gas Methane 122 ppm 3583 ppm 4776 ppm 6042 ppm
Component After Ethane — — —
Reaction Propane — — —
Ethylene, Propylene
Carbon Monoxide 12 ppm 4 ppm 4 ppm 4 ppm

Hydrogen

The materials used were the same as those described in
Examples 1 to 18, except that zirconia beads having a particle
size of 0.5 mm (manufactured by Saint-Gobain K.K.) were
used as ceramic beads.

As areaction container, a vial made of colorless and trans-
parent glass and having a size different from that of the vial
used in Examples 1 to 18 (volume: 150 mL, diameter: 50 mm,
and height: 95 mm) was used. The vial was plugged with a cap
composed of an outer cap made of resin and having a hole on
its central part and an inner cap made of rubber. By piercing
a syringe needle into the inner cap, gas can be collected from
a head space inside the vial. The vial was fixed on a metal
plate (a stainless steel plate having a thickness of 3 mm) to
prevent seal leakage.

As in Examples 1 to 18, gas components were analyzed by
gas chromatography (100HC, manufactured by NEW COS-
MOS ELECTRIC CO., LTD.).

Reactions of Examples 19 to 26 were conducted as
described below.

In Example 19, firstly, 30 g of zirconia beads having a
particle size of 0.5 mm were placed in an 150 mL vial. 90 mL,
of water (pure water) was charged into the vial, and then 0.2
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carbon dioxide was injected into water from near the bottom
in the vial for 1 minute (flow rate: 0.8 L/min) for bubbling.
Hydrogen was not injected. After that, the tube was removed
from the vial, and then the vial was sealed with a cap. A
reaction was conducted while the vial was vertically shaken
indoors (inside a room in which temperature had been
adjusted to around 23° C.) with a shaker (frequency of shak-
ing: 10 time/sec) for 1 day. After the reaction was completed,
gas was collected from a head space inside the vial by using
a syringe, and components of the gas were analyzed.

In Example 20, the reaction was conducted under the same
conditions as in Example 19, except that, after bubbling of
carbon dioxide, through a tube inserted into the opening of the
vial, hydrogen was injected into water from near the bottom in
the vial for 1 minute (flow rate: 0.8 L/min) for bubbling.

In Example 21, the reaction was conducted under the same
conditions as in Example 19, except that zirconia beads were
not placed, and the vial was left still without shaking.

In Example 22, the reaction was conducted under the same
conditions as in Example 19, except that the particle bodies
were changed to 0.6 g of magnesium hydroxide.
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In Example 23, the reaction was conducted under the same
conditions as in Example 19, except that the particle bodies
were changed to 0.6 g of magnesium carbonate.

In Example 19, magnesium oxide was used as in Example
15; however, Example 19 is largely different from Example
15, particularly in that hydrogen was not injected and smaller
zirconia beads were used. Although the reaction time was
shortened to 1 day, the concentration of methane was larger
(about 35 times or greater), that is, methane was obtained at a
high yield. Compared to Example 19, the concentration of
methane decreased in Example 20, in which hydrogen was
injected. Compared to Example 19, the concentration of
methane decreased also in Example 21, in which zirconia
beads were not used, and the vial was not shaken.

In Example 22, magnesium hydroxide was used as in
Example 16; however, Example 22 is largely different from
Example 16, particularly in that hydrogen was not injected
and smaller zirconia beads were used. Although reaction time
was shortened to 1 day, the concentration of methane was
larger (about 5 times), that is, methane was obtained at a high
yield.

In Example 23, magnesium carbonate was used as in
Example 17; however, Example 23 is largely different from
Example 17, particularly in that hydrogen was not injected
and smaller zirconia beads were used. Although reaction time
was shortened to 1 day, the concentration of methane was
larger, that is, methane was obtained at a high yield.

The above results indicate that, firstly, a hydrogen gas does
not need to be injected even when a magnesium compound is
used, and the yield of methane is high rather without the
injection of a hydrogen gas. This can be discussed as follows.

In Examples 15 to 17, the injection of the hydrogen gas
might work positively as allowing the magnesium compound
to be in a transition state in which the magnesium compound
has hydrogen. However, it might also work negatively such
that part of carbon dioxide injected and dissolved in advance
was removed, and thus the yield of methane was not so high.

In contrast, it is considered that in Examples 19 and 21 to
23, hydrogen generated by the reaction between the magne-
sium compound and water was attached to the magnesium
compound so that the magnesium compound was brought
into the transition state without the injection of hydrogen.
Since the magnesium compound such as magnesium oxide
has excellent reactivity such as an adsorptive property, it is
used as a carrier for a catalyst. Thus, the magnesium com-
pound is considered to be easily reacted with water covering
its surface, compared with the case using a highly spreadable
hydrogen gas. Furthermore, it is considered that carbon diox-
ide was not removed because hydrogen was not injected, and
thus the yield of methane increased. Accordingly, by using
water, which is less expensive, as a hydrogen source instead
of'a hydrogen gas, methane can be synthesized with a lower
cost.

The above results indicate that, secondly, by the use of
ceramic beads having a particle size close to that of a mag-
nesium compound, the yield of methane is high compared to
the case of using ceramic beads having a particle size much
larger than that of a magnesium compound. This will be
discussed below.

In Examples 15 to 17, it is considered that the particle size
of the zirconia beads were 1.25 mm, which was much larger
than 150 pm that was the particle size of magnesium oxide, so
that the zirconia beads were not able to efficiently crush and
grind the magnesium compound in the stirring step. In con-
trast, in Examples 19, 22, and 23, it is considered that, the
particle size of the zirconia beads was 0.5 mm, which was
close to 150 um that was the particle size of magnesium oxide,
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so that the zirconia beads were able to efficiently crush and
grind the magnesium compound in the stirring step to further
enhance the reactivity of the magnesium compound.

In Example 24, the reaction was conducted under the same
conditions as in Example 19, except that the particle bodies
were changed to 0.2 g of magnesium.

In Example 25, the reaction was conducted under the same
conditions as in Example 19, except that the particle bodies
were changed to 0.4 g of magnesium.

In Example 26, the reaction was conducted under the same
conditions as in Example 19, except that the particle bodies
were changed to the mixture 0of 0.2 g of magnesium and 0.2 g
of magnesium oxide.

In Example 24, magnesium was used, and its conditions
were similar to those of Example 13; however, although reac-
tion time was shortened to 1 day, the concentration of meth-
ane was not much decreased. This is also considered to be
resulted from the effect of particle size of the zirconia beads,
which was close to the particle size of magnesium, as
described above. Accordingly, the particle size of a ceramic
bead may preferably be 1 timeto 6 times, and more preferably
1.3 times to 3.5 times that of a magnesium compound. In
Example 25, the amount of magnesium was increased from
that of Example 24, and the concentration of methane was
larger. In Example 26 in which magnesium oxide was added
with the amount of magnesium being the same as that of
Example 24, the concentration of methane was even larger.

It is evaluated that in any of Examples 19 to 26, the hydro-
carbon was generally able to be obtained at a high yield under
the condition of an ordinary temperature and an ordinary
pressure. Accordingly, external controls for heating or cool-
ing and for pressurization or depressurization are not always
required to obtain the given amount of a hydrocarbon, and
thus, for example, reaction equipment can be simplified to
reduce cost in a practical use.

Note that the present invention is not limited to the above
examples, and modification may be suitably made for prac-
tical use, without departing from the purpose of the present
invention.

(1) Although all the reactions of the above examples were
conducted under the atmosphere of an ordinary temperature
and an ordinary pressure, the reactions may also be conducted
under the atmosphere of a temperature and a pressure other
than the ordinary temperature and the ordinary pressure. Two
examples of the atmosphere of a temperature and a pressure
other than the ordinary temperature and the ordinary pressure
will be explained below.

The atmosphere of a temperature and a pressure other than
the ordinary temperature and the ordinary pressure is
produced by, for example, a change in the temperature
due to an exothermic or endothermic reaction, and a
change in the pressure resulting from the change of the
amount of the gas in the reaction container (production
or degradation of the gas). In this example, the advan-
tage described in the previous paragraph still can be
obtained.

The atmosphere of a temperature and a pressure other than
the ordinary temperature and the ordinary pressure is
produced by, for example, external controls for heating
or cooling and for pressurization or depressurization.

(2) Although all the reactions of the above examples were
conducted in water, water vapor may also be used. Two
examples of using water vapor will be explained below.

Magnesium or a magnesium compound is placed in the air
containing carbon dioxide, and spraying water vapor or
water to the magnesium or the magnesium compound to
produce a hydrocarbon from the carbon dioxide.
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A magnesium compound is placed in the air containing
carbon dioxide and hydrogen, and spraying water vapor
or water to the magnesium compound to produce a
hydrocarbon from the carbon dioxide.

The invention claimed is:

1. A method for manufacturing a hydrocarbon, in which
carbon dioxide is reduced to produce the hydrocarbon, the
method comprising steps of:

contacting a magnesium material selected from the group

consisting of metallic magnesium and a magnesium
compound with liquid water and the carbon dioxide and
reducing the carbon dioxide and

producing the hydrocarbon.

2. The method for manufacturing a hydrocarbon according
to claim 1, wherein

in the contacting step, the hydrocarbon is produced by

bringing the magnesium material into contact with the
liquid water and generating hydrogen, and combining
the generated hydrogen with the reduced carbon diox-
ide.

3. The method for manufacturing a hydrocarbon according
to claim 1, wherein the magnesium material is selected from
the group consisting of magnesium oxide, magnesium
hydroxide, magnesium carbonate and basic magnesium car-
bonate.

4. The method for manufacturing a hydrocarbon according
to claim 1, wherein the magnesium material is a particulate
material.

5. The method for manufacturing a hydrocarbon according
to claim 1, wherein the contacting step includes a stirring step
of stirring the magnesium material in particulate form
together with ceramic beads, the liquid water and the carbon
dioxide.

6. The method for manufacturing a hydrocarbon according
to claim 1, wherein the contacting step is conducted under an
atmosphere of ordinary temperatures of 5° C. to 35° C. and
ordinary pressures of 0.05 Mpa to 0.15 Mpa.

7. A method for manufacturing a hydrocarbon, in which
carbon dioxide is reduced to produce the hydrocarbon, the
method comprising steps of:

contacting the carbon dioxide and liquid water with a

single particulate active material selected from the group

consisting of metallic magnesium and a magnesium

compound, and

generating hydrogen,

reducing the carbon dioxide, and

combining the generated hydrogen and the reduced car-
bon dioxide and producing the hydrocarbon.
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8. The method for manufacturing a hydrocarbon according
to claim 7, wherein the contacting step includes a stirring step
of'stirring the single particulate material, the liquid water and
the carbon dioxide together with ceramic beads.

9. The method for manufacturing a hydrocarbon according
to claim 7, wherein the contacting, dissolving, absorbing and
reducing steps are carried out in an atmosphere of ordinary
temperatures of 5° C. 10 35° C. and ordinary pressures of 0.05
Mpa to 0.15 Mpa.

10. The method for manufacturing a hydrocarbon accord-
ing to claim 7, wherein the single particulate material is
selected from the group consisting of magnesium oxide, mag-
nesium hydroxide, magnesium carbonate and basic magne-
sium carbonate.

11. A method for manufacturing a hydrocarbon comprising
steps of:

contacting a surface of a particulate magnesium material

with liquid water and carbon dioxide, the particulate

magnesium material being selected from the group con-

sisting of metallic magnesium and a magnesium com-

pound, and simultaneously:

dissolving a part of the carbon dioxide in the liquid
water;

absorbing the liquid water on the surface of the particu-
late magnesium material, the absorbed liquid water
reacting with the particulate magnesium material and
generating hydrogen; and

reducing the dissolved carbon dioxide contained in the
liquid water and combining the reduced carbon diox-
ide with the hydrogen generated on the surface of the
particulate magnesium material and producing the
hydrocarbon.

12. The method for manufacturing a hydrocarbon accord-
ing to claim 11, wherein the contacting step includes a stirring
step of stirring the particulate magnesium material, the liquid
water and the carbon dioxide together with ceramic beads.

13. The method for manufacturing a hydrocarbon accord-
ing to claim 11, wherein the contacting, dissolving, absorbing
and reducing are carried out in an atmosphere of ordinary
temperatures of 5° C., t0 35° C. and ordinary pressures of 0.05
Mpa to 0.15 Mpa.

14. The method for manufacturing a hydrocarbon accord-
ing to claim 11, wherein the magnesium material is selected
from the group consisting of magnesium oxide, magnesium
hydroxide, magnesium carbonate and basic magnesium car-
bonate.



